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Interplanetary shocks have been recognized as a very efﬁcient source of geomagnetic disturbances. We present
a short study of the propagation of one interplanetary (IP) shock observed by ﬁve spacecraft located in the solar
wind far upstream of the Earth’s bow shock as well as in its close vicinity. The IP shock normal was highly
inclined from the Sun-Earth line and thus the IP shock-bow shock interaction started at the ﬂank. We have
found a signiﬁcant evolution of IP shock parameters during its motion along the bow shock. This modiﬁcation is
discussed and attributed to the presence of strong ﬂuxes of energetic particles in the foreshock.
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1. Introduction
Geospace is affected by the solar wind, a supersonic
plasma stream emerging from the Sun. Besides large-scale
structures (such as the interplanetary magnetic ﬁeld sec-
tor and solar wind ﬂow regime boundaries), eruptive solar
events of high intensity, predominantly solar ﬂares result-
ing in halo Coronal Mass Ejections (CMEs) and solar en-
ergetic particle emissions, can have a signiﬁcant impact on
geospace. The majority of the very intense storms were ob-
served to be associated with interplanetary CMEs (ICMEs)
and shocks passing by the Earth (Tsurutani and Gonzalez,
1997). They are an interplanetary manifestation of earth-
ward directed CMEs. For example, interplanetary pres-
sure events, like interplanetary (IP) shocks, compress or ex-
pand the magnetosphere and increase or decrease the mag-
netopause and tail currents that result in changes of other
near-Earth current systems (Le et al., 1998). The geoeffec-
tiveness of the solar wind structures and discontinuities is
related to their 3D geometry and orientation. Since multi-
spacecraft observations are necessary for the determination
of the 3D geometry and structure of shocks (and/or other
structures in the solar wind) (e.g., Thomsen, 1988), not too
many experimental studies have attempted to address this
problem.
Several studies have been done in the recent years an-
alyzing the solar wind interplanetary magnetic structures
that can be geoeffective (e.g., review by Gonzalez et al.,
1999). Vennerstroem (2001) examined 30 years of satel-
litemeasurements of the solar wind duringmagnetic storms
and he had estimated the relative importance of the ejec-
tion of magnetic structures from the Sun and the stream in-
teraction processes during solar wind propagation in gen-
erating intense southward magnetic ﬁelds in the interplan-
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etary medium. Echer et al. (2006) presented a statistical
study of the geoeffectiveness of the solar wind magnetic
interplanetary structures including magnetic clouds (MCs),
corotating interaction regions (CIRs) and interplanetary (IP)
shocks over a wide observational period. They observed
thatmagnetic clouds aremore efﬁcient than shocks or CIRs
in producing all geomagnetic disturbances and they have
conﬁrmed that compound structures (shocks and MCs) are
more geoeffective in every type of magnetospheric activity
than isolated structures. However, the application of these
ﬁndings in the space weathermodels requires a precise fore-
casting of the structure arrival to the Earth that is generally a
difﬁcult tasks (see e.g., Fry et al., 2003 or McKenna-Lawlor
et al., 2006).
A strong correlation between IP shocks impinging on
the magnetosphere and geomagnetic disturbances has been
reported by many authors (e.g., Gonzalez et al., 1999).
The interaction of IP shocks with the Earth’s bow shock
and their transmissions through the magnetosheath to the
boundary of the magnetosphere has been studied mainly
by a gas dynamic modeling (e.g., Dryer, 1973; Grib et al.,
1979; Spreiter and Stahara, 1994). Generally, it is assumed
that the incoming IP shocks are planar on the scale-size of
the magnetosphere in the undisturbed solar wind. Russell
et al. (2000) analyzed a single IP shock with four solar
wind spacecraft and found that normals calculated from the
data of three of them were consistent with the planarity
assumption (with the accuracy of the travel time estimates).
On the other hand, a deviation from planarity has also been
reported (e.g., Russell et al., 1983; Safrankova et al., 1998).
Two papers by Koval et al. (2005, 2006) demonstrates
that the shock front in the magnetosheath is inclined and
this inclination results in a delay of the shock arrival to the
magnetopause. A non-planar shock propagation through
the magnetosheath resulting from experimental observa-
tions has been conﬁrmed by two numerical MHD simula-
tion results (Koval et al., 2006).
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The short survey has shown that the problem of the in-
teraction of an IP shock with the Earth’s magnetosphere is
not fully explained. Although MHD modeling achieved a
particular success in description of the IP shock interac-
tion with the bow shock (e.g., Zhuang et al., 1981; Grib,
1982; Yan and Lee, 1996; Samsonov et al., 2006), themod-
els have two signiﬁcant limitations: (1) their present codes
can be applied only to the shocks perpendicular to the so-
lar wind velocity and (2) they cannot account for foreshock
effects.
In the paper, we have identiﬁed one IP shock that was
registered by 5 spacecraft in the solar wind. Two of them
were located far upstream and three others in a close vicin-
ity of the bow shock in different positions with respect to
the expected foreshock boundary. Moreover, the shock nor-
mal determined either by the 4-spacecraft method or from
Rankine-Hugoniot relations (this method solves the full set
of Rankine-Hugoniot equations according to the Vinas and
Scudder (1986) paper) was declined on a large angle from
the Sun-Earth line. The paper is devoted to a comprehen-
sive study of this event and it is oriented to a preliminary
analysis of the foreshock effects.
2. Observation
The IP shock (probably CIR-driven) was ﬁrst observed
by ACE near the L1 point at ∼0007 UT on August 10, 1998
and about 24 minutes later by WIND at the distance about
80RE from the Earth. As can be seen in Fig. 1, both space-
craft observed nearly rectangular jumps of all parameters;
the solar wind speed changed from ∼410 to ∼440 km/s
and the density from ∼4 to ∼9 cm−3. These jumps sug-
gest a rather weak IP shock but the shock parameters calcu-
lated from the WIND magnetic ﬁeld and plasma data using
Rankine-Hugoniot relations show that its Alfve´nic Mach
number is as high as 6.6 (vA = 54 km/s) in the normal inci-
dence frame. The reason is that, although the shock speed is
only 355 km/s in the observer reference frame, it is largely
(on ∼50◦) declined from the Sun-Earth line because the
shock normal vector is n = [−0.53;−0.44; 0.73] and the
shock speed in the solar wind frame is 346 km/s. The shock
can be classiﬁed as quasiperpendicular, BN =∼ 63◦.
The same IP shock was observed later by IMP 8, Geo-
tail, and Interball-1 in front of the bow shock. Since their
locations are very important for the present study, we are
bringing a sketch in Fig. 2. The spacecraft positions were
rotated into one plane but it should be noted that all of them
were very close to the ecliptic plane. We have used the tim-
ing of the shock observations by ACE, WIND, IMP 8, and
GEOTAIL and estimated the shock parameters. These pa-
rameters are given in the captions of Fig. 2 and one can note
that they are very similar to those derived fromWINDmea-
surements. This fact conﬁrms that the shock can be consid-
ered to be planar on the scale of the spacecraft separation.
The cross-section of the shock plane with the XYGSE plane
is shown as a dashed line in the ﬁgure.
Taking into account the shock orientation, one would ex-
pect that the shock would arrive nearly simultaneously to
IMP 8 and Geotail and with a signiﬁcant delay to Interball-
1. We have chosen the magnetic ﬁeld strength and ion ﬂux





































































































































Fig. 1. Fast forward shock observed on August 10, 1998 by ACE and
Wind upstream of the bow shock (thin dashed and dashed-dotted lines).
From the top to bottom: ACE (ﬁrst four panels) and Wind (second four
panels) densities, velocities, and IMF strengths and all components.
shown in Fig. 3. The ion ﬂux is computed as a product
of the proton speed and density for all spacecraft except
Interball-1 and it cover the energy range of several keV (up
to ∼25 keV) depending on a particular spacecraft. Interball-
1 was equipped with a special set-up of for ion ﬂux mea-
surements without any selection of energies. Since the con-
tribution of high-energy ions to the total ion ﬂux is small,
we assume that the different energy ranges cannot spoil the
results of our qualitative study.
The originally very steep IP shock front underwent a sig-
niﬁcant evolution. The IMP 8 observation reveals similar
shock features as those observed by WIND but a strong
signiﬁcant modiﬁcation of the shock front was observed
by Geotail and no similar shock-like discontinuity was de-
tected at the Interball-1 location. Instead, Interball-1 ob-
served short spikes of both depicted parameters approxi-
mately at the predicted time of the IP shock arrival. These
spikes are followed by a gradual rise and they reached their
expected post-shock values only after 10–12 minutes.
3. Discussion and Conclusion
The shock front modiﬁcation observed by Interball-1
cannot be probably attributed to a temporal evolution be-
cause the shock withstood unchanged for∼35minutes from
ACE to IMP 8 and the expected time lag between IMP 8






Fig. 2. Cylindrical projection of the spacecraft locations onto the equato-
rial plane. Jerab et al. (2005) and Petrinec and Russell (1996) mod-
els were applied to determine Earth’s bow shock and magnetopause
positions before the shock. Shock parameters computed from Rank-
ine-Hugenoit relations from the Wind data are: vsh = 355 km/s, and
n = [−0, 53;−0, 44; 0, 73] (an arrow at the Wind location). The nor-
mal and speed computed from timing of the 4 spacecraft (Wind, ACE,
Geotail, IMP 8) observations (Koval et al., 2005) are: vsh = 319 km/s,
and n = [−0, 55;−0, 29; 0, 77]. The dashed line shows this shock
plane.
and Interball-1 is about 7 minutes, only. On the other hand,
IMP 8 was orbiting in front of the quasiperpendicular bow
shock, whereas Interball-1 was moving in the quasiparal-
lel region and Geotail was probably near the ion foreshock
boundary as can be seen from the schematics in Fig. 4 (note
that the ion foreshock boundary lies downstream of that of
electron foreshock due to a smaller ion speed). Positions
of the spacecraft as well as the magnetic ﬁeld vectors are
projected onto the XYGSE plane. The estimated location of
the IP shock is shown by thin dashed lines with about two-
minute spacing, the heavy dashed line stands for the elec-
tron foreshock boundary after the IP shock arrival. Both
upstream and downstream IMF orientations are shown by
the heavy arrows.
The main foreshock feature that can inﬂuence the prop-
agation of the IP shock is probably a presence of energetic
particles because the amplitude of ULF waves was very low
in our case (see Fig. 3). For this reason, we are showing
the temporal proﬁles of several energies measured by Geo-
tail and Interball-1 in Fig. 5. The estimated IP shock fronts
are distinguished by dashed vertical lines. The Interball-1
magnetic ﬁeld proﬁle is shown for the sake of reference.
The measurements of both spacecraft are, in some sense,
similar. Prior the IP shock arrival, both of them observe
gradually increasing particle ﬂuxes at all energies. Their
anisotropy is very low. It is shown in the last panel for Geo-
tail as anisotropy coefﬁcients and it can be estimated from a
(lack of) spin modulation in the Fp2 panel of the Interball-1
data (3th panel in Fig. 5). The anisotropy coefﬁcients, a1
and a2, are amplitudes of the ﬁrst and second harmonics of
WIND, IMP-8, GEOTAIL, INTERBALL 10-Aug-1998

















































































Fig. 3. IMP 8, Geotail, and Interball-1 observations of the IP shock
upstream of the bow shock on August 10, 1998. From top bottom: IMF
(ﬁrst three panels) and ion ﬂuxes (in units of 108 [cm−2 s−1]) from
IMP 8, Geotail, and Interball-1, respectively. In each panel, the IMF or
ion ﬂux fromWind (thin lines) are presented for the sake of reference.
Fig. 4. The sketch of projections of spacecraft locations onto the ecliptic
plane that respects their real observations in different distances from the
electron foreshock boundary (heavy dashed line). The orientations of
upstream (Bu) and downstream (Bd) IMF are shown by the arrows. The
estimated orientation of the IP shock is depicted by thin dashed lines.
the Fourier ﬁt to the measured ratio of paralell and perpen-
dicular particle ﬂuxes. The increase of the particle ﬂux can
be connected with the approaching IP shock because the
ﬂux of particles accelerated there is added to the original
foreshock ﬂux. The rise of the energetic particle ﬂux is ter-
minated not at but about two minutes after IP shock arrivals
to both locations. After this peak, the particle ﬂux drops
down by an order of magnitude and becomes anisotropic at
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Fig. 5. The temporal proﬁles of energetic particles measured on In-
terball-1 and Geotail before and after the IP shock transition. Inter-
ball-1 (ﬁrst three panels) show 3 different energies (blue line—115 keV,
red—50 keV, and black—25 keV) in two directions (Fp1 in the sun-
ward and Fp2 near the anti-sunward directions). Geotail panels (two
bottom panels) show energetic particle ﬂuxes (4th panel from top to bot-
tom—the energy range from 67 to 414 keV) and anisotropy coefﬁcients
(a1 and a2 in the 5th panel).
the Geotail location. This decrease is probably connected
with the Geotail exit from the ion foreshock because the
IP shock (and the downstream IMF) approached the bow
shock about 2 minutes after it passed Geotail (see Fig. 4).
The drop of the energetic particle ﬂux is associated with a
new rise of themagnetic ﬁeld toward its post-shock equilib-
rium value (compare Figs. 3 and 5).
The behavior of the energetic particles at the Interball-1
location is more peculiar because their ﬂux remains nearly
isotropic for about 6 minutes after the IP shock arrival and
then it jumps down and a strong anisotropy appears. An
analysis of pitch angles revealed that the ﬂux at about 90◦
remains nearly on a previous level and only particles with
low and high pitch angles disappeared. This change is ac-
companied with a new rise of the magnetic ﬁeld strength.
In this case, the delay of the change of energetic particle
properties cannot be connected with reformation of the fore-
shock and its source is unclear.
Finally, we have presented a short case study of the IP
shock propagation through the foreshock. We have shown
that the proﬁles of basic parameters can be substantially
modiﬁed, probably due to presence of energetic particles.
However, the exactmechanism of thismodiﬁcation requires
a further study that would include a modeling of particle
trajectories.
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